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abstract 

Background:A criticalcomponent of systematicreview methodology is the assessment of the risksof biasof stud-
ies that are included in the review. There is controversy about whether funding source should be included in a 
risk of bias assessment of animal toxicologystudies. 
Objective: To determ ine whether industry research sponsorship is associated with methodological biases, the re-
sults, or conclusionsof animal studiesexamining the effect of exposure to atrazine on reproductiveor develop-
mental outcomes. 
Methods: Wesearched multipleelectronicdatabasesand the reference lists of relevant articlesto identifyorigi nal 
research stud iesexam in ing the effect of any dose of atrazineexposureat any I ifestage on reproductionor devel-
opment in non-human animals. We compared methodological risks of bias, the conclusionsof the studies, the 
statistical significance of the findings, and the magnitude of effect estimates between industry sponsored and 
non-industry sponsored studies. 
Results: Fifty-onestudies met the inclusion criteria.There were no differences in methodological risks of bias in 
industry versus non-industrysponsoredstud ies.39 studiestested envi ron mental lyrelevant concentrationsof at-
razine (11 industry sponsored, 24 non-industrysponsored,4 with no funding disclosures). Non-industryspon-
sored studies (12/24, 50.0%) were more likely to conclude that atrazine was harmful compared to industry 
sponsored studies (2/11, 18.1%) (p value = 0.07). A higher proportion of non-industry sponsored studies re-
ported statistically significant harmful effects (8/24, 33.3%) compared to industry-sponsored studies (1/11; 
9.1%) (p value = 0.13). The association of industry sponsorship with decreased effect sizes for harm outcomes 
was inconclusive. 
Conclusion:Our findings support the inclusion of research sponsorship as a risk of bias criterion in tools used to 
assess risks of bias in animal studiesfor systematic reviews.The reporting of other empirically based risk of bias 
criteriafor animalstudies,such as blinded outcomeassessment,randomization,and all animalsincluded in anal-
yses, needs to improve to faci I itatethe assessment of studies for systematic reviews. 
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1. Introduction 

Resultsfrom an i mal studiesare a critical, and often the only, input to 

assessingpotential harm from exposureto chemicals.However,the lack 

of reproducibility of findings from animal research has reduced public 

confidence in the utility of animal experiments (van der Worp et al., 

2010) and led to claims that animal research is a waste of financial re-

sources (Macleod et al., 2014). These problems with animal research 

have resulted insignificant debate about how to assess biases in animal 
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studies used in systematic reviews, risk assessmentsand other regula-

tory decisions (Woodruff and Sutton, 2011; Rooney et al., 2014; 

National Academiesof Science, 2014). A critical component of system-

atic review methodology is the assessmentof the risks of bias of studies 

that are included in the review. 

Risk of bias occurs when the methodological characteristics of a 

study produceasystematicerror in the magnitudeor direction of the re-

sults (Higgins and Green 2011). Bias can shift effect estimates to be 

larger or smaller. For example, in controlled human clinical drug trials, 

studies with a high risk of bias (such as those lacking random ization,a1-

location concealment, or blinding of participants and outcome asses-

sors) produce larger treatment effect sizes, thus falsely inflating the 

efficacy of the test interventions, compared to studies that have these 

http://dx.dolorg/10.1016/j.envint.2015.10.011  
0160-4120/©2015 Elsevier Ltd. All rightsreserved. 
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design features (Schulzand Grimes, 2002a; Schulzand Grimes, 2002b). 
However, biased human studies assessing the harms of drugs are more 
likely to report smaller esti mates of adverse effects (Nieto et al., 2007). 

Less is known about methodological risks of bias in animal studies, 
although a systematic review of instruments for assessing risks of bias 
in animal studies identified criteria that have been shown empirically 
to biaseffectestimatesin animal models (Krauth et al., 2013). For exam-
ple, analysesof animal studies examining interventionsfor stroke, mul-
tiple sclerosis and trauma have shown that lack of randomization, 
blinding, specification of inclusion and exclusion criteria, statistical 
power, and failure to use comorbid animals are associated with inflated 
effect estimates of pharmaceutical interventions (Bebarta et al., 2003; 
Crossley et al 2008; Sena et al , 2010a). 

Industry funding for research and industry relationships with aca-
demic researcherspose an additional risk of bias.Considerableevidence 
shows a strong association between industry funding, investigator fi-
nancial conflicts of interest, and biased outcomes in clinical research, 
even when controlling for methodological characteristics of the studies 
(Lundh 	., 2012). There is little evidence regarding the influence of 
these conflicts of interest on the outcomes of animal research (Kra ut h 
et E 	 nett et al., 2010 Abdel-Sattar et al., 2014). There are 
conflicting results concerning the association of industry funding and 
research outcomes among the small cohorts of animal studies that 
have been examined and further research on the influence of conflicts 
of interest on animal studies is needed (Bennett et al., 2010; 
Abdel-Sattar et al., 2014). There is controversy about whether funding 
source should be included in risk of bias assessments for studies in-
cluded in systematic reviews (Bero, 2013). 

Atrazine (6-chloro-N-ethyl-N'-(1-methylethyl)-1,3,5-triazine-2,4-
diamine) is used as an herbicide.Atrazine is commonly found in drink-
ing water in the United States. The EPA has concluded that "atrazine is 
an endocrine disruptor" (Agency, 2007) but not that atrazine affects 
amphibian sexual development (Agency, 2010). As of 2013, the EPA 
has not altered these conclusions (Agency, 2013). Atrazine studies are 
a good topic for an analysis of funding bias because concerns have 
been raised about the influence of industry sponsorship on the design 
and results of studiesexamining the effects of atrazine on reproductive 
and developmental outcomes (Hayes, 2004). 

The objective of this study is to determine whether industry re-
search sponsorship is associated with the methods, conclusions, or re-
sults of animal studies examining the effect of exposure to atrazine on 
reproductive or developmental outcomes. We test three specific hy-
potheses.First, we hypothesize that industry sponsored studies will be 
less likely to have conclusions indicating harm from atrazine than 
non-industrysponsoredstudies.Second, we test the hypothesisthat in-
dustry sponsoredstudies will be less likely to report statisticallysignif-
icant results indicating harm from atrazine than non-industry 
sponsored studies. Third, we test the hypothesis that industry spon-
sored studies will have smaller effect estimates of harm than non-
industry sponsored studies. In addition, we compare the methodologi-
cal risks of bias of industry sponsored vs. non-industry sponsoredstud-
ies to determine if there are differences in the methods of the studies. 

2. Methods 

We searched for studies that addressed the following question: 
"Does exposure to atrazine have adverse reproductive or developmen-
tal effects in non-human animals"? We searched for studies that had 
non-human animal subjects that were exposed to any dose of atrazine 
during any I ife stage. Ex posure levelsof atrazine were classified and ad-
verse outcomes were grouped as described below. 

2.1. Inclusion/exclusioncriteria 

Articles were included if they met the following criteria: (1) study 
conducted using whole animals; (2) original research, defined as a  

study that presented original data and did not specifically state that it 
was a review; (3) atrazine com pared to no exposure or control (eg, ve-
hicle or some other exposure); (4) containsat least one group receiving 
only atrazine exposure; and (5) reports results data for at least one de-
velopmental and/or reproductive health outcome. 

Studies were excluded if they met any of the following criteria: 
(1) pharmacokineticor pharmacodynamicstudies; (2) editorials, letters 
to the editor, com mentaries, abstracts, unpublished reports, systematic 
reviews, meta-analyses; (3) studies comparing only different doses of 
atrazine; (4) stud ies in which atrazi ne was present in all the co m parison 
groups; (5) in vitro-analysis; (6) studies with no comparison groups. 

Abstractsand article titles were first screened for inclusion. The full 
text of each article was then discussed by two authors who made a 
final decision about inclusion. 

2.2. Search strategy 

There we no language restrictions for the search. We searched 
Medline from January 1, 1966 to June 26th, 2013 using a search term 
combination containing the following MeSH terms, text words and 
word variants: 

(atrazine) AND (animal* OR preclinical OR "pre-clinical" OR mice OR 
rats OR rabbits OR dog OR dogs OR monkey OR monkeys OR "animal 
experimentation "[MeSH Terms] OR "models, animal "[MeSH Terms] OR 
"invertebrates"[MeSH Terms] OR "An imals"[MH] OR "animal population 
groups"[MeSH Terms]) NOT (humans[mh] NOT animals[mh:noexp]) AND 
(health effectOR health effectsORtoxicOR toxicityOR toxicities0Refficacy 
ORefficaciesORtoxicologyORsafety OR harm"OR drug effects[sh]ORther-
apeutic use[sh: noexp] OR adverse effects[sh] OR poison i ng[sh] OR pha r ma-
cology[sh:noexp] OR chem ically induced[sh]) AND eng[la] NOT review[pt] 
NOT systematic review* NOT meta-anal ysi4pt]. 

We also searched, between May 1 and July 30, 2013 the following 
toxicology databasesfor articles that met our inclusion criteria: 

DART http://toxnetnlm.nih.gov/cgi-bin/sis/htmlgen?DARTETIC  
EPA Science Inventory http://www.epa.gov/gateway/science/  
NIOSHTIC2 http://www2.cdc.govinioshtic2/Nioshtic2.htm  
Toxline http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?TOXLINE  
USEPA Health and Environmental Studies Online http:/thero.epa. 

goy/ 
TSCA Test Submissions: http://www.ntis.gov/products/ots.aspx  
We identified 11 additional citations that were not in Medline. Nine 

could not be obtained even aftercontactingthe authors.Two went on to 
full text screeni ng.Wesearched the referencelists of all articlesthat met 
the inclusion criteria and identified one additional reference. Of the 3 
additional referencesidentified, one did not meet the inclusion criteria 
after full text screening. 

2.3. Data extraction 

2.3.1.Single-coded data collection 
DKcollected the followingcharacteristicsfrom each included study: 

2.3.2. Study citation information 
Title of thestudy, month of publication,year of publication,and jour- 

nal name. 

2.3.3. Author affiliation 
Author(s) affi I iation (s) was obtained from the article and classified 

into (1) industry, if all authors were employed by industry (2) non-
industry, if no author was employed by industry, or (3) combined, if 
at least one author was employed by industry and at least one author 
was not employed by industry. If a singleauthor had affi liationswith in-
dustry and non-industry sources, the study was coded as "combined". 

EPA-HQ-2018-0008760045580 
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2.3.4. Study design criteria 
The following information was extracted from each study: (1) dose 

(s) of atrazinetested; (2) animal speciesand strain; (3) number of con-
trol and treated animalsat the start of the study; (4) whether or not the 
investigator(s)assessed the effect of environmentally relevant concen-
trations (i.e. less than 1.89 ppm) of atrazine. We defined "environmen-
tally relevant" as concentrations at or below 1.89 ppm. 18.9 ppb is 
considered the averageconcentration in community water systemsac-
cording to the Agency for Toxic Substances and Disease Registry 
(ATSDR),and we multiplied that value by 100 to account for uncertainty 
and variability in the estimates. 

2.3.5. Double-coded data collection 
Two coders (DKand HV) independentlycol lected data on character-

istics of the studies that required judgment: methodological risks of 
bias, effect size and reported statistical significance of outcomes, study 
sponsorship source(s), investigator financial ties, and author conclu-
sions. A third coder (LB) resolved any discrepancies. 

2.4.Coding of study design criteria to acccec risk of bias and other method-
ological criteria 

We assessed risk of bias for the included studies using criteria de-
rived from a review of tools for assessing bias in animal studies 
(Krauth et al., 2013). 

For each publication, we coded each criterion as (1) yes, if the 
criteria were met (low risk of bias); (2) no, if the criteria were not 
met (high risk of bias); and when applicable (3) partial, if the criteria 
were partially met. The fol lowing criteria were assessed: 

Randomization —Was the treatment randomly allocated to animal 

subjectsso that each subject has an equal I ikel i hood of receiving the in-

tervention? Randomization was coded as (1) yes (2) no (3) partial. 

Concealment of allocation—Were procec.cPs used to protect against 

selection bias by concealing from the investigators how treatment was 

allocated at the start of the study? Concealment of allocation was 

coded as (1) yes (2) no (3) partial. 

Blinded outcome assessment—Was the investigator(s) involved with 

performing the experiment collecting data, and axe:ming the outcome 

of the experiment unaware of which subjects received the treatment 

and which did not? Blinding was coded as (1) yes or (2) no. 

Statement of compliance with animal welfare requirements—Did 

the author(s) state whether or not they complied with regulatory re-

qui rementsfor the handling and treatment of test animals? Statement 

of compliance with animal welfare requirements was coded as 

(1) yes or (2) no. 

Test animal description—Did the author(s) describe in detail the test 

animal characteristics i ncludi ng, the animal species, strain, sub-strain, 

genetic background, age, supplier, sex, weight. At least one of these 

characteristics m ust be reported for this criterion to be coded as "yes." 

Test animal description was coded as (1) yes or (2) no. 

Environmental parameters—Did the author(s) adequately describe 

the housing and husbandry, nutrition, water, temperature lighting con-

ditions? At least one of these characteristicsmust be present for this cri-

terion to be met. Environmental parameters were coded as (1) yes 

(2) no (3) partial. 

Sam plesize calculation—Did the authors perform a samplesizecalcu-

lation to justify the total number of animals used in the study? Sam ple 

size calculation was coded as (1) yes or (2) no. 

Inclusion/exclusion criteria—Were criteria used for including or ex-

cluding subjects specified? Inclusion/Exclusion criteria were coded 

as (1) yes (2) no (3) partial. 

Exposure levels justified—Did the authors explain why the atrazine 

exposures levels were studied and whether a dose/response model 

was used to select the dose(s)? Exposure levels justified was coded 

as (1) yes or (2) no. 

Timing of exposure (whether exposure period was sufficient to ad-

dress outcome of i nterest)— Did the authors use a sufficient exposure 

period to address the outcome of interest? Timing of exposure was 

coded as (1) yes or (2) no. 

Optimal time window for outcomeassessment—Did the investigator 

providesufficient time to pass before acccecing the outcome? The opti-

mal time window used in animal research should reflect the time 

needed to see the outcome. For example, it may take longer to see 

tumor development than molecular changes. Optimal time window 

for outcome assessment was coded as (1) yes (2) no (3) partial. 

All animals accounted for—Did the investigator describe if animals 

were not included in the analysis and why they were not included? 

All animalsaccounted for was coded as (1) yes (2) no (3) partial. 

2.4.1.Sponsorshipsource 
Study sponsorshipsourceas disclosed in each publication wascoded 

as (1) any industry; (2) non-industry; (3) no sponsorship statement; 
and (4) no sponsorship. 

2.4.2. Financial ties of authors 
Investigator financial ties as disclosed in each publication were 

coded as (1) if at least one author of the study reported having a finan-
cial confl ict of interest; (2) all authorsreported having no confl icts of in-
terest; (3) there was no disclosurestatement. It was beyond the scope 
of this study to search for undisclosed author financial ties. 

2.4.3. Role of the financial sponsor 
For studiesthat disclosed a sponsor of any type, the role of the spon-

sor wascoded as (1) not mentioned; (2)statementthat thesponsor was 
not involved; (3)statementthat thesponsor was involved. When appli-
cable, we reported the sponsor's involvement (e.g., in the design, analy-
sis or dissemination of the study). 

2.5. Coding of conclusionsof included studies 

To test the hypothesisthat industry sponsoredstudieswould be less 
likely to have conclusions indicating harm from atrazine than non-
industry sponsored studies, we coded the conclusionsof each paper as 
reported in the abstract and conclusion sections.We coded author con-
clusions as (1) "harmful" if the overall conclusion suggested that atra-
zine was not safe at any of the doses tested; (2) "harmful at 
environmentally relevant concentrations" if the overall conclusion 
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suggested that atrazine was not safe at concentrationsbelow 1.89 ppm 
(i.e. the upper limit of what is considered "environmentally relevant''); 
(3) "harmful at above environmentally relevant concentrations" if the 
author(s) only tested atrazine at high concentrations and concluded 
that atrazine was not safe at those high concentrations; (4) "neutral" 
if the paper did not draw a conclusion regarding the safety of atrazine 
or stated that the limitationsof thestudy wereso severe that the results 
were not valid; and (5) "no effect" if the overall conclusion suggested 
that atrazine was safe. 

2.6. Coding of resultsof included studies 

We report 1) the number of studies that reportedstatistical lysignif-
icant results indicating harm and 2) the magnitude of the harm effect 
estimates. 

To test the hypothesisthat industry sponsored studies would be less 
likely to report statistically signifi cant resultsindicati ng harm from atra-
zine than non-industry sponsored studies, we assigned a code to each 
paper as follows. 

2.6.1.Coding of individual outcome results 
Only results for developmental or reproductive outcomes were re-

corded. Many different outcomeswere reported and they were grouped 
into the following categories: 1) developmental abnormalities/mortal-
ity, 2) growth, 3) time to developmental landmark, 4) organ weight/ 
size, 5) developmental enzymes, 6) reproductive hormones and 7) re-
productive ability.SeeSupplementalFile 1 for the specific o u ta m es i n 
cluded in each category. 

For the purposes of thisstudy, we coded a developmental or repro-
ductive health related outcome result as "harmful" if the author 
(s) reported a statisticallysignifi cant (for exam ple, p b 0.05) adverse re-
productive or developmental health effect. We used the level of statisti-
cal significance reported in the paper. We coded that atrazine had "no 
effect" on reproductive or developmental health if the author 
(s) reported a statistically non-significant adverse effect (for example, 
p 	0.05) or a statistically non-significant beneficial effect. We coded 
an effect as "beneficial" if atrazine showed a reproductive or develop-
mental health benefit. 

For studies that assessed a range of atrazine concentrations for a 
given outcome, we developed a decision rule for assigning a code for 
that outcome. If the only concentrations evaluated for an outcome 
were above environmentally relevant concentrations, we did not code 
the result as we are interested in the effect of atrazine at environmen-
tally relevantconcentrations.lf an outcome was measuredat concentra-
tions both above and below 1.89 ppm, we coded only the values for the 
envi ron mentally relevantconcentrations.Therefore, if any of the expo-
sure concentrations that tested harmful coincided with environmen-
tally relevant concentrations, we coded the outcome as "harmful." 

2.6.2. Coding of results at the level of the study 
A paper was coded as reporting "harmful" results if it reported more 

statistically significant outcomes demonstrating harmful effects than 
demonstrating no or not harmful effects; as "no effect" if it reported 
more outcomesthat showed "no effect" compared to statistical lysignif-
icant harmful or not harmful outcomes; and as "neutral" if there an 
equal number of "no effect" and "harmful" outcomes. 

2.7. Magnitudeof effect estimates of includedstudies 

We conducted meta-analyses to test the hypothesis that industry 
sponsored studies would have smaller effect estimates of harm than 
non-industrysponsored studies. 

2.7.1. Data collection for meta-analysis 
For each individual outcome, we collected the following data (often 

derived from tables, graphs, figures, etc.): measure of effect, confidence  

interval, measure of variability (eg, standard deviation (SD) or standard 
error (SE)), p-value,statistical test used for each outcome, and the num-
ber of treated and untreated animals. If multiple time points were re-
ported, we included all time points in the meta-analysis as to not 
assume a primary endpoint or arbitrarily assign an endpoint in the 
analysis. 

2.7.2. Meta-analysis 
We conducted a meta-analysis of the studies that had analyzable 

data. For a study to have analyzable data, it needed to report both a 
mean value and a measureof dispersion (standard error orstandard de-
viation ) or provide adequate data so that we could calculate these mea-
sures ourselves. 

We calculated the effect of atrazine using a standardized mean dif-
ference (SMD) for each outcome.Due to the lack of independenceof an-
imals between outcomes within studies, we averaged SMDs and 
variances across outcomes for each study, yielding k average SMDs 
and variancesfor k studies. We pooled the data acrossstudies and esti-
mated summary average SMDs using random-effects models 
(DerSi mon ian and Laird, 1986). Specifically, we estimated the average 
SMD for each included study and used the inverse variance method to 
calculate study weights. The inverse variance method assumes that 
the variance for each study is inversely proportional to its importance; 
therefore, more weight is given to studies with less variance than stud-
ies with greater variance. The SMD null hypothesis (Ho: estimate = 0) 
states that there is no difference in effect of atrazine exposure on the 
specific outcomes when compared to a control. 

For meta-analysis including outcomes for which the harmful direc-
tion is indicated as an increase, a number greater than zero suggests 
that atrazine is harmful when compared to the control exposure.Simi-
larly, for meta-analyses including outcomes for which the harmful di-
rection is indicated as a decrease, a number less than zero suggests 
that atrazine is harmful when compared to the control exposure. 

We grouped outcomes within each outcome category according to 
whether an increase or decrease in the measure indicated a harmful 
outcome.A detailed description of whethera unit increaseand decrease 
wasconsideredto be harmful by outcomecan be found in Supplemental 
Table 2. Westratifi ed the direction of harm by increaseand decreasebe-
cause some outcome categories (e.g., reproductive hormones) are rep-
resented in both meta-analyses. For example, the meta-analyses of an 
outcome category (e.g., reproductive hormones) indicated by a unit in-
creasecausing harm (e.g. an increase in the hormoneestradiol)and of a 
unit decrease causing harm (e.g. an increase in the hormone testoster-
one) contain independent data between meta-analyses. 

We examined heterogeneityamong the studies using the 12  statistic. 
We interpreted an 12  esti mate greater than 50%as indicating moderate 
or high levels of heterogeneity.We anticipated high levels of heteroge-
neity as previous meta-analyses of animal studies have found high 
levels of heterogeneitybetween studies, potentially resulting from typ-
ical, small sample sizes in animal models (Macleod et al., 2004). 

We evaluated differences in pooled effect esti mates by sponsorship 
sourcesto test the hypothesisthat published industrysponsoredstudies 
are more likely to have outcomesthat favor theirsponsors (that is, out-
come indicating less harm) than non-industry sponsored studies. We 
investigatedthe potentialcausesof heterogeneitybyconductinga priori 
subgroup analysesusing the X2  statistic with a signifi cance level of 0.10. 
Weconducted a subgroupanalysisby type of outcome measure because 
we hypothesizedthat the effectsof atrazinecould vary by outcome and 
harm direction. 

2.8. Additional statistical analysis 

In addition to the effect esti matesfrom the meta-analyses,we report 
the frequencies of each risk of bias criterion, study characteristics and 
the coding of the results and conclusions by sponsorshipsource. 

EPA-HQ-2018-0008760045582 
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3. Results 

Our searches identified 51 studies that met the inclusion criteria 
(Fig. 1). There were 12 industry funded studies, 29 non-industry and 
10 with no disclosures.The studies were published between 1984 and 
2013 with the majority (41 studies) published between 2005 and 
2010. Amphibians, fish and reptiles were most commonly studied 
(n = 39), followed by rats (n = 8), birds/fowl (n = 3) and mice 
(n = 1). 

3.1. Methodological risks of bias and study characteristics 

There were no differencesin methodological risks of bias in industry 
versus non-industry sponsored studies. The majority of studies gave a 
description of the test animals and the animal environment and re-
ported that they were compliant with animal welfare requirements 
(Table 1). About half of the studies (26 of 51) reported that they were 
randomized, although none described concealment of allocation. 
Blinded outcomeassessment,inclusionand exclusioncriteriafor the an- 
i mals, sam ple size calculations, optimal time window investigated,and 
accounting for all animalswere rarely or never reported. I ndustryspon-
sored studieswere less I i kely to justify theirchoice of atrazineexposure 
levels (4/12 studies, 33%) compared to non-industrysponsored studies 
(19/29, 66%) (p value = 0.06). 

Eighty percent (41/51) of studieshad no disclosuresabout the fi nan-
cial confl icts of interest of the authors, although the majority of studies 
had authors who were not industry employees. 

3.2. Conclusionsof studies 

Of the 51 included studies, 39 (77%) reported that they tested envi-
ronmentally relevant concentrationsof atrazine: 11 of 12 (92%) indus-
try sponsored studies, 24 of 29 (83%) non-industry sponsored studies, 
and 4 of the 10 (40%) studies with no funding disclosures. 

Table 1 
Characteristicsand risks of biasof includedstudies by sponsorshipsource (n = 51). 

Characteristic Category Sponsorship source 

Any 
industry 

Non-industry No 
disclosure 

(N = 
12) 

(N = 29) (N = 10) 

Risk of bias3  Randomization 6 15 5 
Concealment of allocation 0 0 0 
Blinded outcome 
assessment 

4 4 0 

Inclusion/exclusion 
criteria 

0 2 0 

Sample size calculation 0 0 0 
Test animal description 12 29 10 
Animal environment 
described 

12 29 9 

Exposure levels justified 4 19 5 
Optimal time window 
investigated 

1 0 0 

All animals accounted for 2 3 2 
Compliant with animal 
welfare requirements 

7 16 3 

Financial Yes 1 0 0 
conflict of No 4 4 1 
interest No disclosure 7 25 9 

Author Combined 3 1 1 
affiliation Non-industry employed 9 28 8 

Industry 0 0 1 

Asshown in Table 2, among studiesthat tested environ mental ly rel-
evant concentrations of atrazine, non-industry sponsored studies (12/ 
24, 503/0) were more likely to conclude that atrazine was harmful com-
pared to industry sponsored studies (2/11, 18%) (p value = 0.07) 
(Table 2). 

Potentially relevant 
studies identified from 
Medline and screened for 
retrieval: N = 672 

Studies excluded for not 
meeting inclusion 
criteria: 
N = 623 (includes I 
retracted article) 

• 

Relevant studies meeting 
inclusion criteria: 
N = 51 

Fig.1. Flow of includedstudies. 
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Table 2 
Resultsand conclusionsof studiesthat tested environ mentallyrelevant doses of atrazine 
by sponsorshipsource (n = 39). 

Direction of 	Sponsorship source 
effect 	

Any industry 	Non-industry 	No disclosure 
(N = 11) 	(N = 24) 	(N = 4) 

Results 	Harmful 
	

1 
	

8 
	

1 

	

No effect 
	

8 
	

13 
	

3 

	

Neutral 
	

2 
	

3 
	

0 

	

Conclusions Harmful 
	

2 
	

12 
	

1 

	

No effect 
	

8 
	

10 
	

2 

	

Neutral 
	

1 
	

2 
	

1 

3.3. Statistical significance of study results 

Asshown in Table 2, amongstudiesthat tested environmentallyrel-
evant concentrations of atrazine, a higher proportion of non-industry 
sponsored studies reported statistically significant harmful effects (8/ 
24, 33%) compared to industry-sponsored studies (1/11; 9%) (p 
value = 0.13). 

3.4. Magnitudeof study results: meta-analysesof effect estimates 

We identified 4 outcome categories for which a higher value indi-
cated greater harm (Fig. 2). The outcome of developmental enzymes 
was not included in Fig. 2 as there was no variability in the sources of 
funding (n = 3). The pooled estimate for all studies examining out-
comes where the direction of harm is indicated by an increase was 
0.82 (95%Cl 0.07, 1.57), showing a significant increase in risk of harm 
among atrazine exposed animals compared to control animals. Non-
industry sponsored studies, in general, yielded stronger effects for out-
comes in which the direction of harm was an increase than industry-
sponsored studies (Fig. 2). For the outcome of time to developmental 
landmark, the pooled effect from industry-sponsored studies was sig-
nificantly lessthan the pooled effect from non-industrysponsoredstud-
ies, indicating less harm in the industry-sponsored studies (p value = 
0.04). 

We identified 5 outcome categories for which a lower value indi-
cated harm (Fig. 3). The outcomeof developmentalenzymeswas not in-
cluded in Fig. 3 as there was insufficient variability in sponsorship.The 
pooled esti mate for all studiesexamining the effects of atrazine on out-
comes where the direction of harm is indicated by a decrease was  

- 0.05 (95% CI - 0.49, 0.38) and yielded no significant effect. 
I ndustry-sponsoredstudies, in general, yielded stronger effects for out-
comes in which the direction of harm wasa decreasethan non-industry 
sponsored studies. 

4. Conclusions 

We tested three specific hypothesesto determine whether industry 
sponsorship of research is associated with the results or conclusions of 
non-human animal studies examining the effect of atrazine exposure 
on reproductive or developmental outcomes. First, we tested the hy-
pothesis that industry sponsored studies would be less likely to have 
conclusions indicating harm from atrazine than non-industry spon-
sored studies. This hypothesis was supported; 81% of industry sup-
ported studies did not conclude atrazine is harmful compared to 50% 
of non-industry supported studies. 

Second, we tested the hypothesis that industry sponsored studies 
would be less likely to report statistically significant results indicating 
harm from atrazine than non-industry sponsored studies. This hypoth-
esis was supported; 91% of industry sponsored studies did not report 
statistically significant outcomes for harm compared to 67% of non-
industry sponsored studies. 

However, the hypothesis that industry sponsored studies would 
have smaller effect estimates of harm than non-industry sponsored 
studies was not supported by the meta-analysesconducted. 

lndustry-sponsoredstudies, in general, yielded larger effectsfor out-
comes in which the direction of harm wasa decreaseand smallereffects 
for outcomes in which the direction of harm was an increase than non-
industry sponsored studies. Thus, the association of sponsorship with 
size of effect estimates is inconclusive. The exclusion of studies that 
did not assess atrazine at environmentally relevant concentrationsand 
the small number of homogeneous outcome measures available for 
each meta-analysis are possible reasons that consistent differences in 
sizes of effect esti mates between industry and non-industry sponsored 
studies were not observed. 

We did not identify differences in methodological risks of bias be-
tween the industry and non-industry sponsored studies. The informa-
tion needed to assess risks of bias was poorly reported. Blinded 
outcome assessment, inclusion and exclusion criteria for the animals, 
sample size calculations, optimal time window investigated, and ac-
counting for all animals were rarely or never reported. About half of 
the studies reported that they were randomized, although none de-
scribed concealment of allocation. Risk of bias criteria such as 

Characteri • 	Effect 	95% CI 

TIME TO DEVEI 'ITAL LANDMARK 

Hetero 	,lty I mbar  

Ind‘ 	r 	0.01 	-0.12,0.13 
Non-4 	Awed 	0.76 	0.07,1.44 

No Spor 	lament 	0.74 	0.11,1.37 

Pooled Estimate 	0.22 	-0.02,0.46 8 

REPRODUCTIVE HORMONES OUTCOMES 
Int 	1 	-0.64 -1.31.0.03 

Non-d: 1, 	,red 	-0.07 -0.59,0.48 51% 
No Spa 	lament 	0.4 	-0.85,1.65 

Pooled Estimate 	-012 -0.56,032 49% 9 

REPRODUCTIVE. ABILITY OUTCOMES 
Int, I 	-nd 	0.08 	-0.24,0.40 1 

Non. 	 red 	1.85 	0.17.3.53 2 
) 	 lament 	0.32 	-0.56,1.21 1 

Pooled Estimate 	0.93 	-0.06,1.92 84% 4 

Greater harm 

Fig. 2. Meta-analysesof the effect of atrazineon harm outcomesindicated by an increase in the effect size. 
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Characteristic 	Effect 

GROWN )UTCOMES 
Iii nil 	-0.2 

Non 	 -.wed 	-0.08 
No Spc; 	'emerit 

Pooled Estimate 	-0.13 

95% CI 

-0.43,0.02 
-0.28,0.10 

-0.23,-0.03 

Heterogeneity Number of Studies 

11 

ORGAN WEIGHT AND SIZE OUTCOMES 
Imd 	-0.41 -1.08,0.25 84% 6 

Noli-.; 	; 	; .ored 	-0.17 -0.51,0.17 22% 10 
No Spo- 	lernent 	0.5B -0.34,1.51 65% 4 

Pooled Estimate 	-0.13 -0.46,0.19 Ct" 20 

REPRODUCTIVE HORMoNES OUTCOMES 
It-tr.:try 	;;; 	;7-11 	-0.2 -0.48,0.08 

. : ; 	;.A.ired 	-0.02 -0.39,0.34 
No Spa 	lenient 

Pooled Estimate 	-0.14 -036,0.08 

REPRODUCTIVE ABILITY OUTCOMES 
ir4; ;; 	-Id 	-0.29 -0.91,0.34 

Non- .; 	 _mod 	-0.78 -1.61,0.05 89% 
No Spa, 	Mment 	0 -027,026 0% 3 

Peeled Estimate 	-0.42 -0.89,0.06 a 14 

Greater harm 

• 

—M— 
■ 
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Fig. 3. Meta-an alysesof the effect of atrazineon harm outcomes indicated by a decrease in effect size. 

randomization and blinding should be consistently reported as there is 
empirical evidence that they affect the outcomes of animal research 
(Bebarta et al., 2003; Crc 	I al., 2008; Sena et al., 2010b). In order 
to assess the quality of studies that will be included in systematic re-
viewsall methodological risk of biascriteria must be fully reported.Fur-
thermore, recent guidelinessuch as the Animal Research: Reporting of 
In Vivo Experiments (ARRIVE) guidelines recommend the reporting of 
selected risk of bias criteria (Kilkenny et al , 2010). Descriptive criteria, 
such as information on the test animals and the animal environment, 
were well reported in the included atrazine studies but are more rele-
vant for determining compliance with regulatory requirements than 
assessing risks of bias (Kraut het al., 2013). 

Since the differencesin findings between industry and non-industry 
sponsored studiescould not be explained by differencesin the method-
ological risks of bias in the studies, another possible explanation is pub-
lication bias (Macleod et al., 2004 Sena et al., 2010b; ter Riet et al., 
2012) or selective outcome reporting. Publication bias is the failure to 
publish entirestudies with statisticallysignificant resultsand reporting 
bias is the failure to publish specific outcomes with statistically nonsig-
nificant results. We could not assess the extent of selective outcome 
reporting in the studies included in our analysis because we had access 
only to the published reports and not the raw data. 

Our findingssuggest that reporting on conflicts of interest in animal 
toxicology studies also needs improvement. Eighty percent of the in-
cluded articles failed to include any conflict of interest disclosures for 
the authors and twenty percent did not disclose the funding sources 
for the research.The reporting of funding sources is now common prac-
tice among clinical journals (Drazen et al., 2010). Given the prevalence 
of academicindustry interactionsin the field of toxicology and chemical 
risk assessment,si m i lar requirementsfor reporting should be enforced 
for journals in environmentalscience and toxicology. 

Completeand accurate information on exposure is critical for studies 
that will be used in systematic reviewsassessing risks of chem ical expo-
sures. In thisstudy, we classified exposuresas envi ron mental lyrelevant 
or not according to an accepted standard.We found that approximately 
three-quartersof the studiesassessed atrazine at environmentally rele-
vant exposures and limited our analyses to these studies. Although 
there were no differences in the proportions of industry sponsored  

and non-industry sponsored studies that tested atrazine at environ-
mentally relevant exposures, the industry sponsored studies were less 
likely to justify their choice of atrazine exposure levels. 

Our study hasa number of limitations.Although we searched multi-
ple databases, we may have missed studiesthat were unpubl ished.The 
decision to excludestudiesthat did not test atrazineat environmentally 
relevant concentrations reduced our sample size. The heterogeneity of 
outcome measures in the included studies, even when grouped into 
similar categories, also limited the number of studies available for the 
meta-analyses testing the association of industry sponsorship with 
size of effect esti mates. 

In summary, industry sponsored studies were more likely to report 
fi ndings that favored the sponsor. The non-industry sponsored studies 
were more likely to report statisticallysignificant resultsand have con-
clusions indicati ng that atrazine is harmful compared to industryspon-
sored studies. This finding supports the inclusion of research 
sponsorship as a risk of bias criteria in tools used to assess risks of bias 
in animal studies for systematic reviews. The reporting of other risk of 
bias criteria for animal studies, such as blinded outcome assessment, 
randomization, and all animals included in analyses, needs to improve 
to facilitate the assessment of studies for systematic reviews. 

Fu nding so u rce 
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Supplemental Table 1: Categorization of Outcomes measured in included Atrazine studies 

1. Developmental Abnormalities/Mortality 

Abnormal development in the offspring 

Gonad abnormality 

Left -to-right testis ratio 

2. Growth 

Fat body size 

Fish length 

Body length 

Growth length 

Length 

Smolt length 

Smolt weight 

Snout to vent length 

Terminal body length 

Mass of f2 larvae 

Mass of versicolor tadpoles 

3 month growth rate in offspring 

Birth weight 

Larvae wet weight 

ash free dry weight 

larval period (days) 

Percent survival metamorphosis 

Proportion of tadpoles initiate metamorphosis 

31 
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3. Time to Developmental Landmark 

Number of days between cessation of treatment and first proosterus 

Time to metamorphosis 

age at metamorphosis 

age at preputial separation 

days to reach stage 66 of first larva 

duration of time between maturity achievement 

time to reach stage 42 

time to TR 

4. Organ weight / size 

absolute testis weight 

Gonad surface area 

anogenital index 

Diameter of immature follicles 

Diameter of mature follicles 

Diameter: testis weight (ratio) 

Laryngeal muscle area 

Ovary weight 

Oviduct weight 

Prostate weight 

Ratio of testis to body weight 

Relative adrenal weight 

Seminal vesicle weight 

Uterus weight 

EPA-HQ-2018-0008760045588 
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Ventral prostrate weight 

Vesicle weight 

Hepatosomatic index 

Gonadal somatic index 

Breeding gland area 

5. Developmental enzymes 

aromatase activity 

gonad aromatase 

mRNA of aromatase in brain 

mRNA of luteinizing hormone in brain 

mRNA of follicle stimulating hormone 

6. Reproductive hormones 

Circulating concentrations of estradiol 

Circulating concentrations of luteinizing hormone (LH) 

Circulating concentrations of testosterone 

Estradiol concentration 

Intratesticular testesterone concentration 

Plasma aldosterone 

Plasma corticosterone 

Plasma E2 

Plasma estradiol 

Plasma LH 

Plasma testosterone 

Serum androstenedione 

EPA-HQ-2018-0008760045589 
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Serum estradiol 

Serum estrone 

Serum prolactin 

Serum testosterone 

Testicular estradiol 

Testicular testosterone 

7. 	Reproductive ability 

Fecundity 

Fertility 

Fertilization rate 

Hatch success 

Locomotion activity 

Mass corrected number of eggs released per female 

Molting period 

Number of mating attempts 

Abnormal sperm rate 

Daily sperm rate 

Daily sperm/testes 

Sperm motility 

Sperm / area 

Number of eggs 

Number of embryos 

Number of offspring 

Number of spawns 
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Number of testicular ovarian follicles 

Display of courtship 

Number of implantations 

Percent adult emergence 

Percent hatch of eggs 

Percent postimplant loss 

Percent preimplant loss 

Rate of travel 

Resting spermatogonia 

Seminiferous tubule diameter 

Sex ratio 

Spermatids 

Spermatogonia 

Percent survival in different frog species 

Swimming speed 

Total offspring 

Dead sperm 

Epidymal sperm number 

Number of corpora lutea 
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Supplemental Table 2: Outcome Groups and Direction of Harm 

HARMFUL DIRECTION- 

INCREASE 

HARMFUL DIRECTION- 

DECREASE 

Developmental Abnormalities/Mortality 

Abnormal development — in the 

offspring 

Gonad abnormality 

Time to Developmental Landmark 

Number of days between 

cessation of tx and first 

proosterus 

Time to metamorphosis 

age at meta morph 

age at preputial separation 

days to reach stage 66 of first 

larva 

duration of time between 

maturity achievement 

time to reach stage 42 

time to TR 

Organ weight / size 

Diameter of immature follicles absolute testis weight 

Diameter of mature follicles Gonad surface area 

Relative adrenal weight anogenital index 

Hepatosomatic index Diameter: testis weight (ratio) 

Laryngeal muscle area 
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Ovary weight 

Oviduct weight 

Prostate weight 

Ratio of testis to body weight 

Seminal vesicle weight 

Uterus weight 

Ventral prostrate weight 

Vesicle weight 

Gonadal somatic index 

Breeding gland area 

Reproductive hormones 

Circulating concentrations of 

estradiol 

Circulating concentrations of 

luteinizing hormone (LH) 

Estradiol concentration 
Circulating concentrations of 

testosterone 

plasma corticosterone 
Intratesticular testesterone 

concentration 

plasma E2 plasma aldosterone 

plasma estradiol plasma LH 

serum estradiol plasma testosterone 

serum estrone serum testosterone 

testicular estradiol testicular testosterone 

Reproductive ability 

Molting period Fecundity 

Abnormal sperm rate Fertility 
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Number of testicular ovarian 

follicles 
Fertilization rate 

Percent postimplant loss Hatch success 

Percent preimplant loss Locomotion activity 

Dead sperm 
Mass corrected number of eggs 

released per female 

Number of mating attempts 

Daily sperm rate 

Daily sperm/testes 

Sperm motility 

Sperm / area 

Number of eggs 

Number of embryos 

Number of offspring 

Number of spawns 

Display of courtship 

Number of implantations 

Percent adult emergence 

Percent hatch of eggs 

Rate of travel 

Resting spermatogonia 

Seminiferous tubule diameter 

Spermatids 

Spermatogonia 

Swimming speed 
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Total offspring 

Epidymal sperm number 

Growth 

Fat body size 

Fish length 

Body length 

Growth length 

Length 

Smolt length 

Smolt weight 

Snout to vent length 

Terminal body length 

Mass of f2 larvae 

Mass of versicolor tadpoles 

3 month growth rate — in 

offspring 

Birth weight 

Larvae wet weight 

ash free dry weight 

larval period (days) 

Percent survival metamorph 

Proportion of tadpoles initiate 

metamorph 

Developmental enzymes 

aromatase activity 
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gonad aromatase 

mRNA of aromatase in brain 

mRNA of luteinizing hormone in 

brain 

mRNA of follicle stimulating 

hormone 
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